Abstract. Plasminogen activator inhibitor-1 (PAI-1), a member of the serpin super-family, forms a covalent complex with its target proteinases, such as tissue and urokinase plasminogen activators. Thus, PAI-1 controls the physiological and pathological proteolysis. An abnormal expression of PAI-1 has been observed in different diseases, which can be treated by returning the proteolysis back to normal physiological levels. It has been reported that some PAI-1 inhibitors neutralize its activity by accelerating the conversion of PAI-1 into a latent form. We have found small organic chemicals that also neutralize PAI-1 activity, but by a different mechanism. Using the NBD fluorescent probe [N,N'-dimethyl-N-(acetyl)-N'-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)] incorporated into the reactive center loop (RCL) of PAI-1, we measured the kinetics of conversion from an active to a latent form. Unexpectedly, we found that some inhibitors of PAI-1 arrest this serpin in its active form instead of increasing the speed of conversion. Using docking calculations, we located two possible binding sites for these chemicals. The sites are in proximity of the P1/P1' amino acids of the RCL of PAI-1. Binding in this area can inactivate PAI-1 and additionally create a steric obstacle on the RCL making insertion of this loop between the A3 and A5 strands more difficult; hence abolishing a necessary step in the conversion of this protein into the latent form. Additionally, PAI-1 inhibitors link the RCL of one PAI-1 molecule with the strand 3C and strand 4C or helix A and strand 1B regions of the other PAI-1 molecule aiding polymerization or stabilizing the junction of the two. The polymerization of PAI-1 reduces PAI-1 activity by encapsulating the critical RCL fragment inside the formed PAI-1/ PAI-1 polymers.
Introduction
Plasmin-driven proteolysis plays an important role in normal physiological and pathological processes. Plasminogen, upon activation into its active form called plasmin, can hydrolyze a broad spectrum of proteins. Also, plasmin could activate other proteolytic enzymes, triggering further plasmin-initiated proteolysis. Activation of plasmin occurs through proteolytic cleavage of plasminogen by its activators. Two of the most important activators are the urokinase plasminogen activator (uPA) and tissue plasminogen activator (tPA). Plasmin proteolysis is also regulated by the inhibition of plasminogen activators. Four basic types of PA are known: plasminogen activator inhibitor-1 (PAI-1), -2, -3, and protein nexin (1) (2) (3) (4) . It seems that PAI-1 plays a dominant role in different diseases and has been extensively studied by many laboratories (5, 6) .
Plasmin-driven fibrinolysis plays a critical role in a variety of different diseases. The interaction between tPA and uPA and its inhibitors affect the fibrinolytic activity of human blood. In addition to fibrin degradation, the fibrinolytic system components alter several biological events such as angiogenesis, tumorigenesis, arteriosclerosis and cellular migration (7) . An abnormally high expression of PAI-1 has been reported in various human diseases, including atherosclerosis, coronary heart disease, sepsis, renal and lung fibrosis, obesity and insulin resistance (6, 8) . Furthermore, an overexpression of PAI-1 has been demonstrated in atherosclerotic artery plaque compared with normal vessels (9) .
PAI-1 is also considered one of the key regulators of tumor invasion and metastasis, as well as cancer-related angiogenesis. One of the hallmarks of cancer progression resides in the capacity of cells to cross through several tissue boundaries.
Degradation of the cell microenvironment, consisting of matrix macromolecules, is not precisely controlled in carcinogenesis, unlike in normal physiological conditions. To achieve tissue penetration, cancer cells stimulate their proteinase machinery and overproduce and bind proteases, which permits cell migration through a degraded extracellular matrix (10) . One of these proteases is urokinase plasminogen activator. It has been shown that inhibition of uPA activity reduces metastasis in in vitro and in vivo models (11, 12) . Additionally, during carcinogenesis, the advancing tips of capillary angiogenic vessels express a high activity of uPA. Inhibition of uPA activity results in a reduction of angiogenesis and cancer size as shown in in vivo models of the breast, colon, prostate and many other cancers (12) (13) (14) . It has been proposed by us and others that pathological plasminogen activation system upregulated proteolysis could be eradicated by PAI-1 mutants with an extended half-life (14) (15) (16) (17) .
PAI-1 is a representative of the serpins, which are members of the super-family of serine protease inhibitors sharing many structural and biochemical similarities. Inhibitors of serine proteases act by making a 1:1 stochiometric complex by inserting P1 Arg into the protease's specificity pocket, followed by the formation of a covalent bond between the enzyme's catalytic site and the residues at the reactive center loop. PAI-1 is not a stable molecule and converts itself into the latent form with a half-life in the range of t 1/2 =1-2 h. This conversion is associated with the partial insertion of the reactive loop (P4-P10') inside the A ß-sheet of PAI-1 molecule. In such a conformation, P1-P1' and other sites are not accessible for reaction with uPA or tPA. Several mutants have been produced to reduce or prevent the insertion of the reactive loop into the PAI-1 molecule. Tucker et al produced a 'GATE' mutant with an extended half-life t 1/2 =6 h by a single point mutation (18) . Also, the Ginsburg group produced mutant 1B14 with an even longer half-life by four point mutation (Lys154→ Thr, Glu319→Leu, Met354→Ile, Asn150→His) (19, 20) . We have produced several PAI-1 mutants by replacing chosen amino acids with cysteine in hopes of creating disulfide bridges, which could make this insertion more difficult. This resulted in proteins with an extended half-life of serpin activity from 2 to >700 h depending on the mutant (15) . These genetically engineered PAI-1s were investigated as therapeutics on animal models (14, 15) . Mutations in these novel proteins are in the regions around ·-helices D and E and ß-strands 1A, 3A and 5A, which has been reported to be critical for the conversion of PAI-1 into its latent form (15, (18) (19) (20) .
The various biological effects of PAI-1 create a dilemma. On the one hand, local PAI-1 overexpression can reduce cancer growth. On the other hand, increased PAI-1 can enhance fibrin accumulation and cause a stroke or other ailments. Thus, balancing plasmin driven proteolysis at a level that cures different diseases requires the inhibition of abnormal uPA/ plasmin activity, which can be controlled by mutated PAI-1 or by inhibiting PAI-1 activity to prevent reaching pathological levels. While inhibition of uPA-or tPA-initiated proteolysis in the disease was studied extensively, inhibition of PAI-1 has drawn much less attention (1, (21) (22) (23) . Therefore, we investigated several PAI-1 inhibitors to understand their mechanism of action with the ultimate goal of developing future pharmaceuticals neutralizing PAI-1 activity.
Materials and methods

Plasminogen activator inhibitors.
Wild PAI-1 and the fluorescent labeled PAI-1 variant (NBD P9 PAI-1) conjugated with the fluorescent tag N,N'-dimethyl-N-(acetyl)-N'-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) at the reactive center loop were purchased from Innovative Research Inc., Southfield, MI (24, 25) .
Inhibition of PAI-1 activity. Inhibition of PAI-1 activity toward uPA was analyzed by microtiter assay, which measured the ability of a compound to block PAI-1 inhibition of uPA proteolytic activity. A stock solution (10 mM) of each compound and its dilutions were prepared in DMSO. Twenty microliters of 6 nM wild-type human PAI-1 was incubated for 20 min at room temperature with 52 μl of 50 mM HEPES, 150 mM NaCl, 0.05% Tween-20, 1% BSA, pH 6.6 buffer and 8 μl of test compounds (from 10 nM to 100 μM final concentration). Twenty microliters of 8 nM high molecular weight uPA (American Diagnostica Inc.) in 0.05 M Trisbuffered saline pH 8.4 was added to each well and the mixture was incubated for 5 min at room temperature. Fifty microliters of 0.1 mM Spectrozyme UK fluorogenic substrate (American Diagnostica Inc.) was added to each well and uPA proteolytic activity was monitored for 30 min at 37˚C on a SpectraMax (Molecular Devices Inc.) spectrofluorometric microplate reader. The excitation wavelength was set at 360 nm and emission wavelength was set at 440 nm. Kinetic data were analyzed using Softmax Pro software. The difference between the uPA activity in the presence or absence of untreated PAI-1 was the total PAI-1 activity (100%). The PAI-1 inhibitory activity of the compounds was expressed as a percentage of the total PAI-1 activity. Controls were performed to ensure the absence of any direct effect of the test compounds on uPA activity alone.
PAI-1 small molecule inhibitors
were synthesized in Quebepharma Recherche Inc., Montreal, Canada. The curcuminoids (E30C, E57C) were prepared following Pabon's procedure as described previously (26) (27) (28) . The bis-phenylsulfinyl curcumin, E30C, was purified by silica gel chromatography using chloroform:ethyl acetate:acetonitrile:acetic acid = 95:2. E57C was purified by silica gel column chromatography using chloroform:ethanol (gradient ethanol from 0 to 20%).
The amide, L265, was prepared by acylation of 3-(thianaphthen-3-yl)-L-alanine with 5-bromonicotinic acid chloride in water at 0˚C under nitrogen at pH 11. The reaction mixture was extracted with diethyl ether, the water layer was acidified to pH 2.0, the solid product was filtered, washed with water and dried. No further purification was needed since the 1 H-NMR spectrum showed this to be pure L265. For the synthesis of LT21B, 5-aminosalicylic acid was first protected as BOCderivative, which was then converted to active succinimido ester. The crude active ester was reacted with 2-aminoethanol at room temperature for 48 h. Ethyl acetate was added and the organic layer was washed with water, dried and the solvents removed under vacuum. The crude product was recrystallized from ethyl acetate:hexane (2:3) to provide pure LT21B.
For the preparation of LS12, a suspension of 5-formylsalicylic acid (2 mM), 1-benzylhydantoin (2 mM) and 2-aminoethanol (360 mg) in water (10 ml) was stirred at 90˚C for 4 h. The reaction mixture was cooled to room temperature, acidified with 5 N HCl, filtered and washed with water to provide pure LS12 as a colorless solid. The purity of all compounds was ≥98% as determined by 1 H-NMR. Inhibitors were dissolved in DMSO (~10 mg/ml) and added to the PAI-1 solution (2 nM) in 0.01 M phosphate-buffered saline pH 7.4 and incubated for up to 24, or in some cases, 96 h. Fluorescence was measured at 5, 30, 120, 300, 420, 660, 1,440 and, in some cases, 5,760 min after initiating the reaction of PAI-1 NBD with inhibitors. PAI-1 NBD incubated with DMSO served as a control. Measurements were performed at least in duplicate.
The kinetics of RCL insertion. The kinetics of reactive center loop (RCL) insertion of NBD P9 PAI-1 between A3 and A5 ß-strands was performed by monitoring an increase in NBD fluorescence emission in the range of 500-590 nm, excitation 480 nm, using spectrofluorometer Mark I, Farrand Optical Co., Inc., New York, NY. The fluorescence emission of NBD P9 PAI-1 was enhanced 4-to 7-fold upon insertion of the RCL into ß-sheet A and the peak centered at 542 nm for active PAI-1 was blue-shifted to 530 nm upon RCL insertion and conversion into an inactive form (24, 25, 29, 30) .
Non-reducing gel electrophoresis. The electrophoresis was performed at room temperature in gradient gels with 4-12% polyacrylamide, in the absence of 2-mercaptoethanol. The following marker protein standards (See Blue Plus2 PreStained Standard from Invitrogen) were used: myosin (M r 191 kDa), phosphorylase (M r 97 kDa), BSA (M r 64 kDa), glutamic dehydrogenase (M r 51 kDa), alcohol dehydrogenase (M r 39 kDa), carbonic anhydrase (M r 28 kDa), myoglobin red (M r 19 kDa), and lysozyme (M r 14 kDa). Gels were stained with colloidal Coomassie blue (Invitrogen, LC 6025) or silverstain (31).
In-gel digestion with trypsin. The protein bands stained with Coomassie blue were excised from 4 to 12% gradient SDS-PAGE gel destained with 30% methanol for 3 h at room temperature. In-gel proteolysis with modified sequencing grade trypsin (Promega, Madison, WI) was carried out essentially as described previously (32) . Briefly, gel slices were further washed with 150 μl of 50% acetonitrile in 0.1 M ammonium bicarbonate buffer, pH 8.0, for 30 min. Gel slices were then diced into 1-mm cubes and dried using a vacufuge (Eppendorf). Trypsin (0.5 μg, Promega) was added in a minimal volume of 0.1 M ammonium bicarbonate buffer and the digestion was carried out for 16 h at 37˚C with an additional aliquot of trypsin (0.25 μg) added after 12 h. Peptides were extracted once with 150 μl of 60% acetonitrile containing 0.1% TFA for 30 min, followed by a further extraction with 100 μl of acetonitrile containing 0.1% TFA. All extracts were pooled and concentrated using Vacufuge to a final volume of 10 μl.
Protein identification by peptide sequencing using liquid chromatography-tandem mass spectrometer (LC-tandem MS).
Two microliters of the digest were separated on a reverse phase column (Aquasil C18, 15-μm tip x 75-μm i.d. x 5-cm Picofrit column, New Objectives, Woburn, MA) using acetonitrile/1% acetic acid gradient system (5-75% acetonitrile over 35 min followed by 95% acetonitrile wash for 5 min) at a flow rate of 250 nl/min. Peptides were directly introduced into an ion-trap mass spectrometer (LCQ, ThermoFinnigan) equipped with a nano-spray source. The mass spectrometer was set for analyzing the positive ions and acquiring a full MS scan and a collision induced dissociation (CID) spectrum on the most abundant ion from the full MS scan (relative collision energy ~30%). Dynamic exclusion was set to collect 3 CID spectra on the most abundant ion and then exclude it for 2 min. CID spectra were manually verified by comparing against an in silico tryptic digest of published PAI sequence using the MS-Digest and MS-Product provisions of Protein Prospector (http://prospector.ucsf.edu).
Docking of small organic molecules to PAI-1 using SLIDE.
SLIDE is a docking/screening tool using distance geometry techniques to dock ligands into the binding site of the target protein via exhaustive matching of all possible ligand anchor fragments to all possible subsets of a template representing the protein binding site (33) . The template consists of points identified as the most favorable positions for ligand atoms to form hydrogen bonds or make hydrophobic interactions with the neighboring protein atoms (34) . The ligand anchor fragments were defined by triplets of interaction points, which are hydrogen-bonding ligand atoms or centers of hydrophobic atom clusters. Every combination of three template points were compared to every combination of three ligand interaction points in a search for complementary shape and chemistry, while regions outside the ligand anchor fragment (defined as the part of the ligand bounded by the current three interaction centers) were modeled flexibly. SLIDE models induced complementarity by making adjustments in the protein side chains and ligand upon binding, with the minimal set of necessary rotations determined by mean-field optimization (35) . Each collision-free ligand orientation with at least 50% of its carbons buried was scored based on the number of hydrogen bonds and the hydrophobic complementarity with the protein.
The results from docking were scored independently by DrugScore (36) . DrugScore calculates protein-ligand interaction energies employing a knowledge-based potential that reflects the frequency of pairwise atomic distances observed in protein-ligand complexes from the PDB.
Two molecules of PAI-1, chains A and C from PDB entry 1B3K (37), forming homodimer, were used as a target for predicting the binding orientation of all inhibitors tested by us. Grooves near the interface between chains A and C were defined as possible binding sites. After removing the points with less than 3 neighboring protein atoms, a template consisting of 38 hydrophobic and 49 hydrogen-bonding points was generated and used as an input for SLIDE. To ensure a thorough sampling of the ligand conformational space, the Omega program (OpenEye Scientific Software) was used to generate over 150 input conformers per inhibitor. Docked inhibitors were scored by SLIDE's own scoring function as well as by DrugScore to provide a list of top scoring orientations for each known inhibitor. We consider the most probable structure of a PAI-1-inhibitor complex to be the one with the highest score.
Molecular graphics. SwissPDB and Pymol viewers were used to display the three-dimensional structures of PAI-1 and to generate POV-Ray scenes (38) . APBS tools of Pymol were used to evaluate the electrostatic properties of PAI-1 molecules (39). 
Results
The kinetics of NBD P9 PAI-1 conversion into the latent form. The kinetic characteristics of insertion of the RCL of NBD P9 PAI-1 between A3 and A5 ß-strands in untreated solutions of PAI-1 followed the previously reported pattern (24, 25, 29, 40, 41) . As shown in Fig. 1A , the fluorescence of the active NBD P9 PAI-1 was weak, with a spectral maximum of 540 nm at the beginning of the experiment. When NBD P9 PAI-1 is converted into its latent form in a time-dependent manner, the RCL loop of the PAI-1 is inserted between A3 and A5 and causes a blue shift of the fluorescence spectra to 530 nm as well as an increase in the overall fluorescence intensity (Fig. 1B) . After incubation of NBD P9 PAI-1 with the small molecule inhibitors (LS12 for example in Fig. 2) , the rate of conversion of PAI-1 into its latent form was greatly reduced. As determined by the fluorescent spectral shift assay, the conversion of active NBD P9 PAI-1 to a latent form was not complete at up to 96 h (Fig. 2) . This extended half-life of the active structural conformation of the NBD P9 PAI-1 was dependent on both the chemical structure of the small organochemical inhibitor as well as its concentration (Fig. 3 and Table I ). Table I shows that, among the tested small organic compounds, which attenuate the conversion of serpin PAI-1 into its latent form, there was the following rank order of potency: L21B>LS12>E30C. Two others, L265 and E57C, showed only marginal activity at preventing the conversion of active PAI-1 into its latent form.
Inhibition of PAI-1 activity. As shown in Table II , with respect to the functional inhibition of PAI-1's interaction with uPA, the rank order of potency of the small molecule inhibitors is E30C>LS12>L21B. This effectiveness is in contrast to the previous experiment with the fluorescent spectral shift assay (Table I) which indicated a rank order of L21B>LS12>E30C at arresting the PAI-1 in the active structural conformation. It is also noteworthy that, with respect to residual uPA as the endpoint, none of the tested compounds was able to completely inhibit PAI-1 (Table II) . Although there were some limitations with utilizing higher doses of these compounds in the measurement of residual uPA, it is possible that these compounds are unable to completely inhibit PAI-1 or that they alter the affinity of PAI-1 for uPA but do not prevent them from interacting.
Polymerization of wPAI-1. It has been believed that PAI-1 does not form polymers, which was quite unique among active serpins (42) . However, it has been shown recently that PAI-1 could spontaneously form polymers at low pH or polymerization could be induced by small organochemical ligands. Furthermore, polymerization is associated with partial inactivation of PAI-1 (23, (42) (43) (44) . For that reason, we investigated whether the small molecule inhibitors that we selected could induce any polymerization of PAI-1. PAI-1 without any additives, with DMSO or inhibitors dissolved in DMSO, was incubated at 37˚C for 30 min followed by incubation at 37˚C or 70˚C for 30 min. We rationalized that the polymers formed should be preserved at 37˚C and at least partially thermally dissociated at the higher temperature of 70˚C. As shown in Fig. 4 , at 37˚C dimers and trimers of different forms of PAI-1 could be observed on PAGE gels regardless of PAI-1 additives. The strongest bands for polymers were observed in LT21B> E30C. The rest of the inhibitors showed a smaller increase in polymerization ability. However, when samples were incubated at 37˚C and subsequently warmed to 70˚C, polymerization was not detected only in the case of PAI-1 without inhibitors and DMSO; presumably, because it had been thermally dissociated. Also, dimers of the active/RCC (RCC stands for reactive center cleaved) or active/latent form that were clearly visible in 37˚C/37˚C incubation were not detected in all cases (Fig. 4) . Nevertheless, all PAI-1 inhibitors showed strong bands of PAI-1 dimers and possible trimers (based on electrophoretic mobility). The strongest bands were observed in the case of LT21B>E30C>LS12. 
--------------------------------------------------------------------------------------------------
a Hydrogen atoms were generated by the program where necessary. Table II . Inhibition of PAI-1 activity by different organochemicals. 
-------------------------------------------------
-------------------------------------------------Compound Inhibitor concentration % PAI-1 inhibition -------------------------------------------------
-------------------------------------------------
a An intensely yellow compound that produced a fluorescence in the same wavelength as was used in the assay; therefore, its inhibitor PAI-1 activity could not be determined accurately.
Protein identification by peptide sequencing using liquid chromatography-tandem mass spectrometer. A total of six bands were excised from the gel. As shown in Fig. 5 , bands marked as 1, 2, and 3 contain two distinct protein bands which were too close to separate. Also, below band 5, very weak bands (not shown in Fig. 5 ) were detected and analyzed. As shown in Table III , bands 1-5 were identified as PAI-1 and no other contaminating proteins were detected. Below latent and RCC, PAI-1's fine band was detected that includes minute amounts of two different proteins identified as 30S ribosomal protein S7 of 19.8 kDa, and 50S ribosomal protein L13 16.0 kDa of E. coli (Table IV) .
Docking. It has been reported that inhibition of PAI-1 was induced by the binding of an antibody into PAI-1, followed by the rapid conversion of PAI-1 into its latent form (45) . Our experiments showed that PAI-1 small molecule inhibitors arrest PAI-1 in its active conformation rather than speeding its conversion. The most rational explanation of PAI-1 inhibition would be the binding of inhibitors on the RCL, most likely close to the P1/P1' positions, which are critical for uPA/PAI-1 complex formation. Table III . Sequence of peptides extracted from different bands of monomer and polymers of PAI-1.
- Table IV . Sequence of peptides in 30S and 50S ribosomal proteins. 
----------------------------------------------------------------------------------------------------Band(s) Protein accession no. Peptides sequenced in PAI-1 molecule % of sequence coverage -----------------------------------------------------------------------------------------------------
The RCL of PAI-1 in its active form is highly flexible. Trying to model the conformation of this loop in the active monomeric form of PAI-1 would add uncertainties to the results of the computational docking using the vicinity of this loop as the target-binding site. Thus, we used the structure 1B3K of PBD entry of PAI-1 that in the X-ray molecular structure shows typical to serpins RCL/s6A polymerization (46) . Two molecules (A, C) that form a dimer were used as targets for docking the enol-and keto-forms of curcuminoids, as well as charged and non-charged forms of the other inhibitors. For all inhibitors, different configurations and conformations were tested and evaluated by the consensus scoring. It was found that all inhibitors bind in the proximity of P1, P1'. As shown in Table V , the inhibitors with the highest theoretical affinity were E30C, LS12(+) and LT21B(+), while L265 and E57C showed lower scores. Also, as shown in Fig. 6 , two distinct binding sites of PAI-1 inhibitors were detected. One site for positively charged inhibitors, which link the RCL of molecule A with turn Ala26→Asn31 extending from helix hA to strand s1B of PAI-1's molecule C. A second site for non-charged molecules, which preferred to bind in the proximity of s6A, s3C and s4C strands of chain C and the RCL loop of chain A. In all cases, inhibitors are located in a position in which they link chains A and C in such a fashion that they can contribute to stabilization of the dimer interface and shift the equilibrium toward polymerization of PAI-1 molecules. The docked orientation of the highest scoring inhibitors identified by DrugScore are somewhat different from that favored by the internal scoring system of the SLIDE program. However, a general pattern of interactions could be observed in all cases supporting the proposed model of PAI-1 inhibition and polymerization. For consistency and clarity of presentation, only the docked orientations favored by SLIDE scoring functions are presented in this paper.
Discussion
Inhibition activity or, as it is called by some, PAI-1's neutralizing activity has been previously reported (22, 23, (46) (47) (48) . Antibody or organic chemicals binding to the RCL achieved this effect which, for obvious reasons, must impair the ability of PAI-1 to bind to uPA or tPA. However, antibodies and organochemicals that bind to parts of PAI-1 other than the reactive site loop can also inactivate PAI-1. The MA-33B8 antibody accelerated the conversion of PAI-1 into its latent form upon binding, reaching a speed 4,000-fold faster than the normal rate of conversion. The authors concluded that MA-33B8 binding to PAI-1 promotes the insertion of the RCL into ß-sheet A, yet the exact mechanism remained unclear (45). Egelund et al suggested that the various PAI-1 neutralizers have overlapping, but not identical, binding sites in the region around ·-helices D and E and ß-strand 1A. This part is known to act as a flexible joint when ß-sheet A opens and part of the RCL is inserted as ß-strand 4A during conversion into the latent form (46) . Bodker et al mapped the PAI-1 molecule to localize site responsible for the inhibitory activity upon binding of different agents. They concluded that the site is localized in ·-helix C and the loop connecting ·-helix I and ß-strand 5A. This site is opposite to ß-sheet A and distant from the flexible joint region and RCL (49) . As a consequence, Debrock and Declerck proposed two distinct mechanisms of PAI-1 inactivation. One is the direct interaction with the reactive-site loop; the second facilitates induced conversion into the latent conformation of PAI-1 (22) .
Our data show a third possibility; the binding of inhibitors at the RCL and arrest of the PAI-1 molecule in its active form. Any chemicals that bind to PAI-1 in the proximity of the P1, P1' position on the RCL will hinder the binding of PAI-1 to uPA or tPA. Also, a bulge of added chemical on that loop would make the insertion of the RCL between ß-strand 3A and 5A of PAI-1 during its conversion from active to latent form more difficult, as in the case of NBD P9 PAI-1. Space interference of the covalently bound NBD molecule into the mutated P9 position in the RCL created a mutant, which was almost as reactive as the wild-type, but was considerably more stable. The half-life of the active form was extended from 2 h of wPAI-1 to 24 h in the case of NBD P9 PAI-1 (50) .
Serpins, in general, are able to link their RCL to a ß-sheet of another molecule, forming thermodynamically stable and inactive complexes (42) . In all reported cases, there is support for three different types of loop-sheet polymerization: i) polymerization by the RCL of one molecule inserting as s4A - (51); ii) the RCL of one molecule can insert as s1C in another molecule; iii) the RCL of one molecule can form hydrogen bonds to s6A of another molecule and thus form an additional strand s7A (46) . The evidence for the latter type of polymerization is provided by structural studies of active PAI-1 (PDB entry 1B3K) (37) .
Induction of PAI-1 polymerization has limited literature, but it was detected as induced by small organochemical ligands or by incubation in low pH (42, 46) . Our data support a very similar model of inhibition linked to polymerization; however, our inhibitors are most likely attached at different regions of the protein molecule than previously reported. Our results suggest that tested organochemicals further neutralize PAI-1 activity by linking both chains of PAI-1 in the proximity of the P1, P1' site, blocking at least one RCL in the dimer. It is plausible that these molecules also bind to the monomeric form of PAI-1 and inhibit its activity. Additional effects of PAI-1 inactivation could be related to the immobilization of the s3C and s4C regions of PAI-1 called GATE. It has been shown that mutations in this part of the PAI-1 molecule could inactivate it (52, 53) . Clearly, some of the PAI-1 inhibitors that we tested could be binding there.
RCL/s6A type polymerization has been reported for different serpins, but the possibility of polymerization of active/latent, active/RCC, latent/latent, and RCC/RCC forms of PAI-1, which are clearly visible on SDS-PAGE gels, is novel to our findings. The formation of heterogenic complexes of active and latent or RCC PAI-1 forms is quite possible, as strands s3C and s4C, as well as turn Ala26→ Asn31 that extends from helix hA to strand s1B, are accessible to inhibitors after PAI-1 conversion into latent or RCC forms (18, 54) . The formation of RCL cleaved (RCC) and latent PAI-1 forms is also quite credible, as crystal structure data show that the cleaved RCL can still access stable regions of s3C, s4C, helix hA and s1B, as well as the part cleaved at the P1/P1' RCL. A cleaved fragment of the RCL loop (up-stream of P1') could serve as a linker between two different PAI-1 molecules. This fragment is in an almost identical position in the X-ray structure (PDB entry 1A7C) as the intact RCL fragment of the active form (54) . It must be emphasized that we were not able to perform any molecular modeling on this type of molecule in the absence of any suitable structures and therefore cannot confirm our assumptions.
With respect to the functional inhibition of PAI-1-uPA interaction by the small molecule organochemicals, the difference in the effectiveness of individual compounds to prolong the active conformational state of PAI-1 versus functionally inhibiting it, could be due to several mechanisms. Whereas binding of the organochemical molecule to the RCL region of PAI-1 may be sufficient to arrest the PAI-1 in an active form, it is possible that the bound compound may only partially prevent the interaction of PAI-1 with uPA. This mechanism of inhibition of PAI-1 by the small organochemicals may depend on the chemical characteristics of the compound, including its size, hydrophobicity or charge state. This mechanism of action may underlie the observed differences in rank order of potency of the various compounds when the residual uPA assay versus the spectral shift assay is used as the endpoint.
If the organochemical bound to the RCL region causes a reduction in the affinity of the serpin for uPA, it might explain why a partial inhibition was observed within the dose-range that the compounds were tested (Table II) . It is also possible that the compounds undergo association and dissociation from the RCL region of PAI-1 during the course of the functional assay, thus exhibiting only partial inhibition of uPA by PAI-1, even at high concentrations of the compound. It is also possible that binding of the organochemical compound to the RCL region and the subsequent elevated polymerization of PAI-1 is an important mechanism for the observed functional inhibition of PAI-1's interaction with uPA. The time required for the polymerization of PAI-1 to occur after binding of the organochemical compound may be longer than the incubation utilized in the functional uPA assay. It must also be emphasized that the functional assay of PAI-1 reported in Table II is an indirect assay in which residual uPA remaining after inhibition by active PAI-1 is measured as the endpoint for the PAI-1 activity in the presence of various concentrations of small molecule organochemical inhibitors. Another limitation of this assay is that some compounds, such as E57C, have an intense yellow-red color, which can quench/interfere with the fluorescent emission of the product of the uPA reaction. It is also possible that some of these small organic compounds may inhibit uPA independent of PAI-1, although this is likely to happen at much higher concentrations than are required to inhibit PAI-1. For example, at 100 μM, E30C and LS12 both reduced uPA activity by 20-30% (data not shown), but their inhibitory activity towards PAI-1 was largely reduced at 10 μM, a dose at which they had no direct effect on uPA. Due to these considerations, uPA inhibition may not be the best functional endpoint to measure functional inhibition of PAI-1 by these small molecule inhibitors.
This study provides evidence of inhibiting PAI-1 activity by small organic chemicals. The chemicals that we tested most likely bind to the reactive center loop of PAI-1. Binding in this region can also induce the polymerization of PAI-1 and further inactivate PAI-1 by encapsulating the RCL fragment, critical to its function, inside of formed PAI-1/PAI-1 polymers.
